ately large r 2 values were observed (0.651-0.830). In conclusion, different teeth and enamel depths have different susceptibility to erosion, so when Ca release is used to measure erosion, the depth of the test facet in enamel should be standardized, whereas this is less important if ΔSMH is used.
tallinity [Legeros et al., 1967; LeGeros and Tung, 1983] . These variations in the properties of the enamel mineral should be taken into consideration when enamel specimens are used in in vitro experiments.
A great number of in vitro and in situ experiments in dentistry require ground and polished enamel specimens for the most accurate results. Depending on the laboratory procedures for specimen preparation, different amounts of mineralized tissue could be removed from the outer enamel, exposing different depths, which may, in turn, have different mineral compositions and solubilities. It is, therefore, reasonable to assume that different depths of enamel could have different susceptibility to dental erosion. Shellis et al. [2011] have suggested that specimen preparation and polishing procedures should be standardized to ensure the removal of a consistent outer layer of enamel, thus producing specimens with a standardized depth. Two studies [Ganss et al., 2000; Sullivan, 1954] suggest that natural enamel surfaces are less susceptible to erosive challenges than ground surfaces in the underlying enamel. This could be related to the acquisition of fluoride by the outermost layer of enamel during enamel maturation [Brudevold et al., 1956; Nakagaki et al., 1987] , which consequently becomes more resistant to demineralization [Ganss et al., 2000; Meurman and Frank, 1991] . Calculations from the data of Sullivan [1954] suggest that the less-soluble surface layer is only a few micrometres thick. The response to erosion of polished surfaces of enamel at different depths, which is more relevant to experimental studies, has not been studied.
Additionally, as enamel properties could also vary with tooth origin, tooth type and tooth surfaces, standardization of these factors may also be necessary. In their natural form, different tooth surfaces have been found to have different susceptibilities to erosion [Ganss et al., 2000; Tucker et al., 1998 ]; in particular labial/buccal surfaces were less susceptible to erosion than lingual/palatal surfaces [Tucker et al., 1998 ]. The variation in demineralization between different natural surfaces could be due to differences in the extent to which the fluoride-rich layer is lost by wear [Weatherell et al., 1974] . However, after grinding and polishing, no significant differences in the susceptibility of buccal, lingual and proximal surfaces were observed [Ganss et al., 2000] .
To the best of our knowledge, the effects of tooth type, tooth surface and enamel depth on initial enamel erosion (softening) are yet to be studied in a systematic experimental model of ground, polished surfaces. Therefore, the aim of this study was to investigate the susceptibility of enamel to an acid demineralization exposure representing initial erosion, analyzing the effect of tooth type (molars or premolars), tooth surface (buccal or lingual) and enamel depths (100, 200, 400 and 600 μm) on surface microhardness and calcium release.
Materials and Methods

Enamel Specimen Preparation
Forty caries-free human teeth (20 molars and 20 premolars) were randomly selected from a pool of extracted teeth stored in 2% chloramine solution. The teeth were erupted and extracted from patients (below 30 years) by dental practitioners in Switzerland (no water fluoridation, 250 ppm F in table salt). Patients had been informed about the use of their teeth for research purposes and consent was obtained. The premolars and molars were each divided randomly into two groups of 10: experimentals and controls. The crown of each tooth was cut in the vertical mesiodistal plane and the half-crowns individually covered with a layer of nail polish. The buccal and lingual halves of each tooth were both assigned to the same experimental or control group, so that each group contained 10 lingual and 10 buccal specimens of both premolars and molars.
The half-crowns were individually embedded in acrylic resin (Paladur, Heraeus Kulzer GmbH, Hanau, Germany) using two planar parallel molds. The larger mold had a constant thickness of 8 mm, whereas the thickness of the thinner mold varied according to how much enamel was to be removed during grinding. The specimens were serially abraded (LabPol 21, Struers, Ballerup, Denmark) with water-cooled silicon carbide paper discs (from grit #500 to #4,000) and polished with diamond paste under constant cooling. The specimens were stored in a mineral solution until the start of the experiment (1.5 mmol/l CaCl 2 , 1.0 mmol/l KH 2 PO 4 , 50 mmol/l NaCl, pH = 7.0) [Zero et al., 1990] .
Experimental Groups and Experimental Procedure
The first grinding and polishing procedure removed a 100 μm layer of the surface enamel. On the resulting test surfaces, the initial microhardness (SMH 0 ) was measured. The experimental specimens, but not the controls, were then exposed to a sequence of three standard erosive challenges, after each of which the loss of surface microhardness (ΔSMH) and the calcium release were measured. Then the specimens were embedded again, ground and polished to obtain a new, deeper test surface to which these procedures were again applied. Data were obtained in this way for depths of 100, 200, 400 and 600 μm from the enamel surface.
Surface microhardness (SMH) was measured with a Knoop microhardness tester (UHL VMHT Microhardness Tester, UHL technische Mikroskopie GmbH & Co., KG, Asslar, Germany), using a load of 10 g and dwell time of 10 s. For each SMH measurement, six indentations were made on the enamel surface, at 25 μm intervals, and used to calculate the mean SMH for the respective surface.
Three erosive challenges were carried out at each measurement depth on the specimens in the experimental group. One erosive challenge consisted of immersing the specimen for 1 min in 30 ml of 1% citric acid (pH = 3.6; 25 ° C; shaking at 70 rpm.), then rinsing 111 with deionized water (10 s) and drying with oil-free air (5 s). After each erosive challenge, SMH was measured again. SMH loss (ΔSMH i ) was calculated using the formula ΔSMH i = SMH 0 -SMH i , where SMH 0 is the initial SMH (before any erosive challenge) and SMH i is the value after the i th erosive challenge ( i = 1, 2 or 3).
The calcium released into the citric acid was determined using an atomic adsorption spectrophotometer with acetylene-air flame (A Analyst 400, Perkin Elmer Analytical Instruments, USA). Lanthanum nitrate was added to the standard and test solutions (final concentration 0.5% w/v) to eliminate interference from phosphate ions.
The surface area of each test surface was measured in all specimens before the erosive challenges. Images of the test surface were obtained using a light microscope (Leica, M420) at 12.5× magnification, connected to a camera (Leica, DFC495). Using the software program IM500, the contour of exposed enamel was traced and the surface area calculated (in mm 2 ). Calcium release (nmol calcium/ mm 2 enamel) was calculated from the calcium concentrations and the surface areas of the test surfaces.
Statistical Analyses
The following null hypotheses were tested: (1) The erosive challenges made on a given enamel layer do not influence SMH 0 of subsequent deeper layers;
(2) There is no difference in SMH 0 throughout the cyclic treatment between the different enamel depths; (3) There is no difference in Δ SMH throughout the cyclic treatment in relation to tooth type, tooth surface or enamel depth; (4) There is no difference in calcium release throughout the cyclic treatment in relation to tooth type, tooth surface or enamel depth.
The Wilcoxon rank test was initially used to test the differences in SMH 0 between the control and experimental groups (testing null hypothesis 1). Then, a nonparametric ANOVA model (Brunner-Langer F1-LD-F2 model) [Brunner et al., 2002] was used to analyze differences in SMH 0 in relation to tooth type and enamel depth (null hypothesis 2). To test null hypotheses 3 and 4, ΔSMH and calcium release data were first analyzed with a nonparametric ANOVA for multiple responses. Thereby, three-dimensional response vectors ΔSMH and calcium release (one entry for every erosion) were modeled. To do this, the ΔSMH and calcium release values after every erosive challenge were used to make a vector (e.g. ΔSMH-Erosion 1, ΔSMH-Erosion 2, ΔSMH-Erosion 3) and later analyzing whether the describing values would have an impact on the whole vector. Subsequently, Brunner-Langer F1-LD-F2 models [Brunner et al., 2002] were again used, considering the tooth as a measuring unit. The statistical models were calculated using the R Project for Statistical Computing (www.r-project.org; Vienna, Austria) version 2.12.1.
The relationships between calcium release and ΔSMH were explored using ordinary least-squares regression, using XLStat software, version 7.5 (Addinsoft, Brooklyn, N.Y., USA).
Experimentwise probability for significance (α) was set at 0.05.
Results
No significant difference (p < 0.05) was found in SMH 0 between the control and experimental groups, thus leading to the acceptance of null hypothesis 1 (erosive challenges made at one depth did not influence measurements at greater depths). It was observed that SMH 0 significantly decreased with depth for all tooth surfaces (p < 0.001). On average, total decreases of 11 and 16% were observed for buccal and lingual surfaces of molars, and 18 and 19% for buccal and lingual surfaces of premolars, respectively ( table 1 ). These differences led to the rejection of null hypothesis 2.
The overall multivariate analysis showed that tooth type significantly influenced ΔSMH (p ≤ 0.022), where Δ SMH was significantly greater in premolars than molars (p < 0.05). Tooth type and enamel depth also showed a significant influence on calcium release (p < 0.05). On the other hand, tooth surface did not significantly influence either ΔSMH (p = 0.801) or calcium release (p = 0.370).
The distributions of ΔSMH and calcium release for both molars and premolars are shown in figure 1 , accord- ing to the erosive challenge (1, 2 and 3 min) and enamel depth. In all depths from both tooth types ΔSMH and calcium release increased from erosive challenge 1 to erosive challenge 3. With regard to ΔSMH, a significant difference was found between the tooth types in all three erosive challenges (p = 0.023, p = 0.020 and p = 0.019, for 1, 2 and 3 challenges, respectively). However, no significant difference in ΔSMH was found between the enamel depths (p > 0.05). A significant difference in calcium release was observed between both tooth types in all three erosive challenges (p = 0.010, p = 0.022 and p = 0.050, for 1, 2 and 3 challenges, respectively), with slightly higher values for molars. For 1, 2 and 3 challenges, calcium release decreased with depth ( fig. 1 ) and the differences between enamel depths were statistically significant (p < 0.001, p = 0.028 and p < 0.001, for 1, 2 and 3 challenges, respectively). The relationship between calcium release and ΔSMH was studied separately for molars and premolars. Duplicate observations on the same tooth were averaged before the analysis. At the level of particular combinations of depth and erosion time, regression slopes were low (0.03-7.63), as were the values of r 2 (0-0.611) ( fig. 2 ) ; only for 2 of the 24 combinations was the slope significantly different from zero.
Regressions of ΔSMH on Ca release were calculated for each depth. For both molars and premolars, the regressions for 100 μm showed a lower slope and lower value of r 2 ( fig. 2; table 2 ). This was associated with the range of Ca release being 50-100% greater than for any of the other depths ( fig. 2 ) . Regressions for 200-600 μm were very similar ( fig. 2 ) and the regression for the combined data for these depths gave moderately large r 2 values ( table 2 ). For all depths, ΔSMH increased more rapidly with calcium release in premolars than in molars ( table 2 ) .
Discussion
The present study aimed to analyze the effect of tooth type, tooth surface and enamel depth on the loss of surface microhardness (ΔSMH) and calcium release during the very initial stages of dental erosion. In general, we observed that different types of teeth have a significant influence on the susceptibility of enamel to initial erosive dissolution, but no significant difference was observed between the buccal and lingual surfaces of the same tooth. Also, different enamel depths significantly influenced calcium release.
It is well established that different teeth have different formation periods, different anatomy and different histology. So it not surprising that premolars and molars presented different susceptibility to dental erosion. Likewise, when an individual tooth is formed, amelogenesis occurs from the occlusal/incisal surface toward the cervical region in a process that lasts between 3 and 6 years, depending on the tooth [Reid and Dean, 2006] . So, at any given time during the amelogenesis, the enamel mineral will be formed almost simultaneously on the proximal, buccal and lingual surfaces of the tooth. This implies that, within the same tooth, the buccal and lingual surfaces will probably have very similar enamel composition, which could explain why we observed no significant differences between these surfaces, as observed by Ganss et al. [2000] .
The grinding and polishing procedure used in several erosion studies removes the outermost enamel layer, which accounts for the variation between the buccal and lingual natural surfaces [Ganss et al., 2000; Tucker et al., 1998 ]. Accordingly, this procedure exposes the subsurface enamel that appears to be more homogeneous, albeit more susceptible to dissolution. Although enamel mineral is formed almost simultaneously on different tooth surfaces, it is formed from the DEJ outwards; so different enamel depths can have different mineral compositions.
Initially, the present experiment confirmed that deeper layers of enamel were not affected by previous erosive challenges (e.g. the erosive challenges made on the 100 μm layer did not affect the newly ground enamel at 200 μm depth). This is consistent with the finding by Voronets and Lussi [2010] that after a 3-min erosive challenge with citric acid, a layer of less than 0.5 μm of enamel was affected. In the present experiment, we also used a total erosion time of 3 min, so we can speculate that the softened enamel layer on our specimens was also around 0.5 μm deep, and the consecutive underlying enamel layers (of at least 100 μm apart) were unaffected by the erosive challenges.
Although initial hardness values (SMH 0 ) were unaffected by previous acid challenges, they were nevertheless found to decrease with enamel depth, which was also observed by Kodaka et al. [1992] . It is reasonable to suggest that this reflects the gradient of mineral content and density noted in the Introduction, since SMH is correlated with phosphorus and calcium concentrations [Kodaka et al., 1992] . Indeed, preliminary experiments in our laboratory have shown that calcium and phosphate contents tend to decrease when enamel depth increased from 100 μm to 600 μm in both premolars and molars.
In this work, we used two techniques to evaluate enamel erosion. Surface microhardness is probably the most long-established method for this purpose, while chemical analysis of calcium release is also a reliable and sensitive method for assessing erosion [Rakhmatullina et al., 2011; Schlueter et al., 2011] . The change in surface microhardness detects the loss of resistance to penetration of an indenter and, when measured in the central part of the test facet, it will reflect surface properties at the depth defined by the preparation procedure. Calcium release, on the other hand, measures loss of enamel due to demineralization over the whole surface of the test facet, which includes enamel from all depths from the surface down to the specified depth. Even though they measure different properties of erosion, both ΔSMH and Ca release increased as the erosion time (i.e. the severity of the erosive challenge) increased. Moreover, there was a fairly strong linear relationship between the two measures, at least for depths ≥ 200 μm. It is, however, notable that the relationship between the two methods, and the strength of the association, were not the same at a depth of 100 μm as at greater enamel depths. As the solubility of enamel mineral increases with depth [Theuns et al., 1986] , it might be expected that ΔSMH and calcium release would both increase with depth, but ΔSMH showed no variation, while calcium release decreased with depth ( fig. 1 ) . The first observation is perhaps easier to explain. In the citric acid solution used here, which is completely unsaturated with respect to all fractions of enamel mineral, the rate of dissolution would be at a maximum [Blum and Lasaga, 1987] , although the rate would depend on such solution properties as buffering and pH [Shellis et al., 2013] . In this study the erosive challenge was the same for all test surfaces and, from data on enamel thickness in the mid to occlusal portion of premolar and molar crowns [Shillingburg and Grace, 1973] , the test surfaces would be mostly in the outer half of the enamel, where the mineral content decreases by only a few per cent [Wilson and Beynon, 1989] . Both factors would tend to favor a consistent subsurface effect. It is, however, difficult to account for the variation of Ca release with depth, and the weak association with ΔSMH at the level of a test facet. It is possible that, when exposed to an unsaturated solution, the rate of dissolution could be influenced by the fraction of the test surface occupied by mineral, that is, by the mineral content by volume, which decreases with depth. However, the observed gradients in mineral content of enamel [Weatherell et al., 1974; Wilson and Beynon, 1989] would not account for the Ca release at 100 μm depth being 50-100% greater than in the deeper enamel. Furthermore, it could be argued that the present results could be interpreted as indicating that calcium analyses has some limitations, mainly due to its high variability, which is affected by changes in enamel depth. However, the statistical analyses take these variations into consideration, and even though we observed a high variability in the calcium results, the differences in calcium release between enamel depths were still significant.
In conclusion, SMH loss and calcium release are different in molars and premolars, and, in both types of teeth, deeper layers of enamel tend to release lower amounts of calcium. So, in practical terms, our results suggest that, when Ca release is used to measure erosion, the depth of the test facet in enamel should be standardized, although this is less important if ΔSMH is used.
